We studied electron spin resonance in a quantum magnet NiCl2-4SC(NH2)2, demonstrating a field-induced quantum phase transition from a quantum-disordered phase to an antiferromagnet. We observe two branches of the antiferromagnetic resonance of the ordered phase, one of them has a gap and the other is a Goldstone mode with zero frequency at a magnetic field along the four-fold axis. This zero frequency mode acquires a gap at a small tilting of the magnetic field with respect to this direction. The upper gap was found to be reduced in the doped compound Ni(Cl1−xBrx)2-4SC(NH2)2 with x = 0.21. This reduction is unexpected because of the previously reported rise of the main exchange constant in a doped compound. Further, a nonresonant diamagnetic susceptibility χ ′ was found for the ordered phase in a wide frequency range above the quasi-Goldstone mode. This dynamic diamagnetism is as large as the dynamic susceptibility of the paramagnetic resonance. We speculate that it originates from a two-magnon absorption band of low-frequency dispersive magnon branch.
I. INTRODUCTION
Antiferromagnetic spin S = 1 chains were intensively studied both theoretically and experimentally. Their peculiar features are quantum-disordered nonmagnetic ground states with an energy gap for magnetic excitations. The spin gap of collective excitations may have an exchange origin, as the well known Haldane gap [1] , or, alternatively, may be due to the single ion easy-plane anisotropy. The anisotropy makes the single-ion states with S z = 0 preferable, preventing the magnetic ordering [2] [3] [4] . While a lot of Haldane magnets were studied, quantum paramagnet ground states provided by strong anisotropy are not typical. NiCl 2 -4SC(NH 2 ) 2 (dichlorotetrakisthiourea-nickel(II), abbreviated as DTN) is a rare example of a spin system of this type. The lowtemperature quantum disordered state of DTN was found to be unstable in the magnetic field H c1 = 21 kOe directed parallel to the four-fold axis c. In this field a quantum phase transition into the antiferromagnetically ordered phase occurs [5] . At this transformation the spin gap of excitations at the Brillouin zone boundary is closing [6] . In the field range H c1 < H < H c2 DTN is an antiferromagnet with magnon excitations. The antiferromagnetic state disappears upon heating above the Néel temperature T N which has a maximum value 1.2 K in the magnetic field near 70 kOe. At zero temperature the values of the critical fields are H c1 = 21 kOe and H c2 = 126 kOe [5, [7] [8] [9] . The second critical field of the field-induced antiferromagnetic phase at T = 0 coincides with the field of magnetic saturation. At the temperature rise both critical fields move to the middle of the interval, i.e. to 70 kOe and disappear above 1.2 K. The fieldinduced ordering in DTN was interpreted, in particular, in terms of Bose-Einstein condensation of magnons [9] , although the validity of such an interpretation has been later questioned [10] .
A quantum phase transition in DTN was recently shown to be induced not only by a magnetic field but also by non-magnetic Br-doping. Br-ions substitute Clions and this creates bond disorder via local variations of exchange and anisotropy parameters. Zero-field neutron scattering experiments [11] [12] [13] [14] reveal a decrease of the spin excitation gap at the boundary of the Brillouin zone for Ni(Cl 1−x Br x ) 2 -4SC(NH 2 ) 2 (DTNX). This gap is completely closed at x ≃ 0.16 [12] [13] [14] . At x = 0.21 the antiferromagnetic long range order appears even at zero field at T N = 0.64 K [13] .
The Bose-Einstein scenario and the easy plane antiferromagnetic ordering itself should result in a gapless Goldstone mode in a field H c [9, 15] . A low-frequency electron spin resonance (ESR) mode was indeed observed in the ordered phase, in addition to a higher resonance branch as described in Ref. [15] . However, because of the nonzero frequency, the low-frequency resonance mode was interpreted as exchange mode with anti-phase oscillations of two interpenetrating tetragonal subsystems. At the same time, a Goldstone mode was assumed to have a zero frequency and to remain invisible. The unusual low-frequency mode as well as the essential influence of nonmagnetic impurities on the spin excitations spectra, found in neutron scattering experiments, motivated us to perform a detailed ESR investigation at a wider frequency range, different orientations of the magnetic field and different doping concentrations. In the present work we find that the previously observed low-frequency antiferromagnetic resonance mode appears at a finite frequency due to a small tilting of magnetic field with respect to c-axis. This breaks the four-fold axis symmetry and, hence, results in the gap for the quasi-Goldstone mode. This mode drops to zero frequency at the precise orientation. Thereby the two-branch antiferromagnetic resonance spectrum with a gapped mode and a true Goldstone mode is experimentally confirmed. The upper gap of the antiferromagnetic resonance was found to be reduced in the Br-doped sample with x = 0.21, despite the rise of the exchange integral near Br-impurity [16] and the widening of the magnon band [14] .
In addition, our measurements of the microwave magnetic responses both in DTN and DTNX reveal an unusual non-resonant dynamic magnetic susceptibility of a diamagnetic type. This dynamic diamagnetism appeared in a wide frequency range with a lower boundary at a quasi-Goldstone mode. This nonresonant response may indicate a band of two-magnon microwave absorption. The width of this band corresponds to the dispersion range of the lower magnon branch.
II. CRYSTAL STRUCTURE AND MAGNETIC PARAMETERS OF DTN
The crystals of DTN belong to the I4 tetragonal space group [17] . Lattice parameters are a = 9.558Å and c = 8.981Å. Magnetic ions Ni 2+ carrying spin S = 1 are placed on a body-centered tetragonal lattice consisting of two interpenetrating tetragonal sublattices. The sublattices are shifted relative to one another along the spatial diagonal of the tetragonal unit cell by half of its diagonal length.
Each sublattice represents a spin subsystem with antiferromagnetic exchange. For the whole spin system the model Hamiltonian at the magnetic field parallel to c-axis can be written as follows
where S m,n are spin-1 operators at sites m, n belonging to the first and second subsystem correspondingly, the vectors δ connect the sites m, n to their nearest neighbors within a subsystem, D is the easy-plane singleion anisotropy constant, J δ are the exchange constants, g c µ B HS z n,m are Zeeman terms, g c is the corresponding g-factor and H int describes additional interactions, including the interaction between the subsystems.
The interaction between the subsystems is characterized by the exchange integral between the corner and center cell ions J ′′ . The exchange and anisotropy parameters were derived from the analysis of excitation spectrum obtained in neutron scattering experiments on fully polarized samples [6] : D = 8.9 K, J c = 2.05 K, J ab = 0.156 K, J ′′ = 0.08 K . These values agree with the earlier ESR study [18] which report all these parameters except for J ′′ . The earlier neutron scattering investigations [9] give close values D = 8.12 K, J c = 1.74 K, J ab = 0.17 K. The intersubsystem exchange J ′′ is frustrated. The magnetic subsystems are thus decoupled at zero field in the mean-field approximation.
III. EXPERIMENTAL DETAILS
Single-crystalline samples of DTN and DTNX used in our experiments are from the same batches as studied in previous ESR and neutron scattering experiments [12] [13] [14] [15] 18] . Experimental results presented in Figs. 1-4 and Figs. 7-10 were obtained using the crystals synthesized in ETH Zürich and the results shown in Figs. 5, 6 -for crystals grown in University of São Paulo.
The ESR measurements were carried out with the use of a home-made transmission-type microwave spectrometer equipped with a superconducting 120 kOe magnet and 3 He cryostat providing low temperatures down to 0.45 K. Cylindrical, rectangular and cut-ring multimode resonators were used to cover a wide frequency range 4 − 160 GHz. High-frequency 160 − 380 GHz measurements were performed with use of a cylindrical multimode resonator. Gunn diodes, back-wave oscillators and klystrons were used as microwave sources. Crystal samples were mounted inside the resonators, and a small amount of 2,2-diphenyl-1-picrylhydrazyl (DPPH) was placed near the sample as a standard g = 2.00 marker for the magnetic field. The sample size was chosen small enough not to disturb the electromagnetic field in a resonator. At the same time the sample should be large enough to give the observable ESR signal. Thus, the crystals with the masses between 1 and 90 mg were used for measurements at different frequencies.
ESR absorption lines were recorded as fielddependencies of the microwave power transmitted through the resonator. If the generator is tuned to resonator frequency f res , the transmitted signal is
here η = s h 2 dV / r h 2 dV is the filling factor, h -microwave magnetic field, the first and second integrals are taken over the sample volume and over the resonator volume respectively, Q = f res /(2δ 1 2 ) is the quality factor of the empty loaded resonator, δ 1 2 is the half width at half maximium of the resonance curve, U 0 is the signal passing through the resonator in the absence of the sample. Typical value of Q for the resonators is 3000-5000.
The change δχ ′ of the real part of the susceptibility with the magnetic field may be derived from measurements of f res using the following relation [21] δf res = −4πγηδχ ′ f 0 ,
here δf res is the field-induced shift of the f res , f 0 is f res at zero field, γ is a numerical coefficient which depends on the shape of the sample (for spherical sample it equals to 1). Using this principles we derived the real and imaginary parts of the magnetic susceptibility of the sample from measurements of the resonance curve of the resonator.
IV. EXPERIMENTAL RESULTS

A. ESR spectra at H c
The three upper curves in Fig paramagnetic spectrum has a nonzero frequency ∆ 1 in zero field, this mode is split by a magnetic field into two branches, descending (A) and ascending (A ′ ). The descending branch falls almost to zero and is replaced by a new ascending branch B. This spectrum is similar to that of spin S = 1 in an axial crystal field. For a spin in a crystal field the f (H) dependencies of modes A, A ′ and B are linear. For DTN there is a weak deviation from linear dependence. The zero field frequency we observe for x = 0.07 sample is 265 ± 3 GHz. This coincides well with a value of 270 ± 5 GHz measured in ESR experiments of Ref. [15] and a gap of 1.06 ± 0.04 meV (256 ± 10 GHz) measured in neutron experiments with pure samples [9] . The value of ∆ 1 for x = 0.21, measured in neutron scattering experiments 1.1 meV [13, 14] is almost the same. We observe that branches A and B in the paramagnetic phase (at T = 1.4 K) cross at a frequency of 10 GHz. The temperature evolution of ESR lines is presented in Fig. 3 . This clearly proves a larger value of the gap for the x = 0.07 and x = 0 samples. In addition, the minimum position for the gapped mode C shifts towards higher fields in the x = 0.21 sample for about 2 kOe. In the sub-gap frequency range (below ∆ 2 ), ESR signal completely disappears at cooling, see 36 GHz ESR lines in Fig.1 .
B. ESR in a tilted field
In the ordered phase, at a precise orientation of the magnetic field along the c-axis, we do not observe any resonances at the frequencies below the gap ∆ 2 . Upon tilting the magnetic field with respect to c-axis, a pair of ESR lines appears. Their frequency increases with tilting. ESR lines taken at different field angles relative to c-axis and the corresponding frequency-field dependencies are shown in Fig. 5 . The larger the deviation of the field from c-axis in ac-plane, the greater is the frequency of these modes (they are marked as modes D1, D2). At changing the magnetic field, the frequency of D1,2-modes approaches zero at both boundary fields H c1 , H c2 and reaches a maximum value in the middle of the field range of the ordered phase, i.e. near 80 kOe. We assume that these resonances have zero frequency at the exact orientation H c. We estimate the accuracy of sample orientation in our experiments as about 1 • . This may be due to the disorientation of resonator with respect to the solenoid.
The temperature evolution of the pair of ESR lines in a magnetic field tilted by 6 • away from c-axis is shown in Fig. 6 . It demonstrates that the D-resonances exist only at low temperatures in the ordered phase.
C. Dynamic diamagnetism in the ordered phase
At cooling the samples below the Néel temperature we detect a significant change δf res of the resonance frequency of the resonator in a range where ESR absorption is not observable. This low-temperature frequency shift appears only in the field range of the ordered phase, i.e. between the fields H c1 and H c2 . We have measured δf res in different fields and for different resonance modes of different resonators and found that the corresponding change of the real part of the dynamic magnetic susceptibility χ ′ appeared to be negative (i.e. diamagnetic), and exists above the low-frequency mode D.
To characterize this observations quantitatively, we recorded resonance curves of the resonator in a field range from zero to 120 kOe with a step of about 0.5 kOe. The analysis of resonance curves gives dependencies of resonator frequency, amplitude and width on magnetic field. From these values we deduce changes of susceptibilities χ ′ and χ ′′ . Capability of this method for the DTN samples was tested in the paramagnetic phase at H c and T = 1.4 K for 31.70 GHz TM 211 mode of the cylindrical resonator of a diameter 16 mm. The results are presented in Fig. 7 .
On the upper panel we see that the transmitted signal and the amplitude of the resonator resonance curve demonstrate the identical field-dependencies. The frequency shift of the resonator is presented on the lower panel. This curve may be well fitted by two dispersion curves of two Lorentzian resonances corresponding to modes A and B. The dispersion curves are known to represent the susceptibility χ ′ for a standard Lorentzian ESR curve. These dispersion curves, presented by dashed lines, are of inverted types because the A-frequency is falling while B-frequency is rising with magnetic field. The field-dependence of the amplitude of the resonator curve may be well reconstructed by two Lorentzian curves with the same resonance fields and widths, as for dispersion curves. This reconstruction is presented by a dotted line in the upper panel of Fig. 7 . Thus, the observed response of the resonator to changes of χ ′ and χ ′′ of the sample corresponds well to the known changes of susceptibilities near paramagnetic resonance fields.
The resonator curves for the ordered phase are presented in panel (a) of Fig. 8 . These data are taken in different fields H c and T = 0.5 K for 27.05 GHz TE 112 mode of the same cylindrical resonator. One can see, that at low temperatures the increase of magnetic field causes a shift of the resonance curve towards higher frequencies. This shift has a maximum at H = 80 kOe and then comes back to zero at H = 120 kOe. By a Lorentzian fit to these curves we obtained the field dependence of δf res . The positive value of δf res indicates a significant negative change of χ ′ in the field interval between the critical fields H c1 and H c2 . We estimated δχ ′ using Eq. (3), the maximum absolute value is about 0.2 emu/mol. From the comparison of low-temperature δf res (H) curve (upper line in Fig. 8 (b) ) and of the δf res curve of the paramagnetic phase (lower line), we conclude that the non-resonant low-temperature susceptibility χ ′ has approximately the same value as one at paramagnetic resonance. Further, because χ ′ of the paramagnetic resonance exceeds the static susceptibility for a Qfactor of the paramagnetic resonance [25] (here Q ≃ 2), and considering the sum of contributions of two close lines A and B, we conclude that χ ′ ≃ 4χ 0 ≃ 0.4 emu/mol. Here χ 0 = 0.1 emu/mol is the value of the order of lowtemperature differential static susceptibility [5] . This is in a reasonable correspondence with the above estimate from the absolute value of δf res . The amplitude of the resonance curve of the resonator demonstrates a reduction in the ordered phase, see Fig. 9(b) . This indicates the increase of χ ′′ of about 20% of the maximum value of |χ ′ |. The dependence of the frequency shift of the resonator on the magnetic field at T = 0.5 K clearly shows that the shift appears between 25 and 120 kOe, marking the critical fields of the ordered phase at 0.5 K. The temperature evolution of the dependencies of resonance frequency on magnetic field shown in panel (b) of Fig. 8 demonstrates the decrease of δf res and |χ ′ | at the temperature rise. At temperatures T > 1 K the frequency shift δf res is observable only near the resonance fields of modes A and B of the paramagnetic phase. A similar temperature evolution of the frequency shift dependence on magnetic field was measured in DTNX with x = 0.21 at H c for 35.29 GHz TE 012 mode (see panel (c) of Fig. 8 ). These data additionally prove the coupling of dynamic diamagnetism to the order parameter. They illustrates that at 0.5 K the peak position of the resonance curve starts to deviate exactly at zero field. This confirms the formation of the ordered state in zero field as manifested in Ref. [13] . We detected dynamic susceptibility at frequencies up to the upper AFMR branch C. An example of δf res records for the highest frequency of detailed measurements 62.05 GHz is given in Fig. 9 , panel (c). Because of the uncertainty in the filling factor for different modes of the resonator when the electromagnetic wavelength is comparable to the size of the sample, we are unable to derive the exact numerical value of χ ′ and its frequency dependence. Nevertheless, we claim it is always negative within the antiferromagnetic phase and it is comparable with the dynamic susceptibility of the paramagnetic resonance at T = 1.4 K within the range 9 − 75 GHz. Measurement of the dynamic susceptibility at higher frequencies is prevented by a strong ESR response of branch C, as well as by the close mutual proximity of modes of resonator, which results in their overlapping. For the frequencies of 99 and 119 GHz we observe characteristic kinks in the transmitted power records at fields of 25 and 120 kOe which indicate start and finish of the nonresonant response still present at these frequencies.
To test the bottom of the frequency range of the dynamic diamagnetic susceptibility, we have measured δf res at low frequencies using a right angle resonator of the size 40 × 8 × 17 mm with TE 013 , TE 012 , TE 011 modes for the field tilted from the c-axis. As an example, the experimental results for measurements at the frequency 11.6 GHz with the mode TE 012 are presented in the upper panel of Fig. 10 . For intermediate fields strictly between resonance positions of two type-D modes we observed the suppression of the effect of dynamic diamagnetism. Thus, when the frequency is lower than the frequency of the lower AFMR mode D, the diamagnetic contribution to the dynamic susceptibility practically disappears. From this observation at all three frequencies we deduce that the negative χ ′ at low temperatures exists at frequencies down to that of the quasi-Goldstone mode, where it abruptly vanishes.
We ascribe the observed nonresonant susceptibilities χ ′ and χ ′′ to dynamic magnetization in the (ab)-plane, because of the standard ESR configuration of microwave fields used, where the RF magnetic field is perpendicular to the static field. We measured also the frequency shift of the resonator placing the sample at the maximum of the microwave electric field, which is perpendicular to the external field. Then the sample was positioned at the maximum of the longitudinal microwave field. In both cases the shift was not greater than for the ini-tial sample position at the maximum of the transverse microwave field. At the same time the intensity of the paramagnetic ESR was reduced only by a factor of 2 in comparison with the initial experiment. This indicates a presence of all components of the microwave fields in the sample, i.e. we have a mix of polarizations of microwave fields within the sample, and a quantitative polarization experiment is impossible because of a large size of the sample. The sample of a size of 3-4 mm is comparable to a quarter of the electromagnetic wave length in the dielectric sample with ε ≃4. However, the fraction of the sample volume with a certain polarization of electric or magnetic microwave field was changed and no sufficient increase of the diamagnetic response was observed. This means that the observed nonresonant dynamic susceptibility is mainly due to the transverse magnetization oscillation. 
V. DISCUSSION
A. Paramagnetic resonance and AFMR gap
The paramagnetic resonance at T = 1.4 K is mainly analogous to the ESR spectrum of a spin S = 1 in a crystal field. It has a gap in zero field and a descending branch which reaches approximately zero frequency for a precise orientation of the magnetic field along the fourfold axis. We observe the zero-field gap ∆ 1 = 270 GHz and a decreasing branch with the minimum frequency of 10 GHz. This nonzero frequency could be ascribed to the misorientation of about 1 • , our accuracy of the orientation of the sample. Naturally, this lower frequency might be also affected by other weak interactions.
For the ordered phase we observe a broadening of resonance lines under Br-doping of DTN which is naturally due to random variation of local surrounding of magnetic ions (see Fig. 1 ). The most significant modification of ESR spectrum caused by doping, is a decrease of the AFMR gap ∆ 2 .
In a molecular field theory of Ref. [15] the value of ∆ 2 is approximately proportional to J and the field of the minimum of the frequency of mode C rises approximately linear in D. The calculation by method described in Ref. [15] results in the following approximate dependence of ∆ 2 and of the field of the minimum of AFMR frequency H res on J and D:
∂∆2 ∂J = 45.7 GHz/K, ∂∆2 ∂D = -0.6 GHz/K ∂Hres ∂J = 6.9 kOe/K, ∂Hres ∂D = 6.6 kOe/K These differential relations are valid in the vicinity of the experimental values ∆ 2 = 78 GHz, H res = 8 T. From the observed decrease of ∆ 2 for 13 GHz and an increase of H res for 2 kOe we get the change of the exchange integral δJ = −0.3 K and the change of anisotropy parameter of δD = 0.7 K. These values contradict to doping-induced changes of parameters J and D derived in Ref. [14] . Here the zero-field dispersion curves of excitations in DTNX where interpreted within a so-called generalized spin-wave theory [19, 20] . This analysis of x = 0.21 data resulted in the opposite and much stronger changes: δJ =0.75 K and δD = −1.5 K with respect to the parameters of a pure compound reported in Ref. [6] .
Recently another approach for the calculation of the AFMR spectrum in the field-induced antiferromagneti- cally ordered phase was suggested, which implies a 1/S expansion for the order parameter and resonance frequencies [22] . Here a significant influence of the interchain exchange is predicted while the effects of parameters J and D on the gap ∆ 2 and H res are of the same sign as in the theory of Ref. [15] . In this approach, for DTN we have:
∂∆2 ∂J = 125 GHz/K, ∂∆2 ∂D = − 40 GHz/K ∂Hres ∂J = 6.7 kOe/K, ∂Hres ∂D = 3.3 kOe/K This corresponds to changes δJ = −0.1 K and δD = 0.6 K and is also in a contradiction with the above interpretation of zero-field neutron scattering.
The above simple interpretation of the antiferromagnetic resonance in the doped samples appears to be controversial also because the effective parameters of exchange and anisotropy, deduced from the observed AFMR frequency and field correspond to a disordered phase on the Sakai-Takahasi phase diagram [2, 4] (indeed, D/J >5 at J ab /J =0.08) correspond to a quantum paramagnet instead of observed antiferromagnetic phase of this sample of DTNX. Both these contradictions indicate that AFMR in doped samples can not be described in the same way as in the pure sample with just renormalised parameters of J and D. The approach to a strongly inhomogeneous system of DTNX as to a homogeneous one with renormalized parameters may be wrong, because the local variation of exchange and anisotropy at a Brsubstituted site is more than 100% as suggested by NMR study [16] . Local parameters for a magnetic ion near impurity are substantially affected and the influence of doping may be more complicated, than their renormalization. An example of a cardinal change of the effective Hamiltonian by a nonmagnetic doping was given in Refs. [23, 24] . An additional interaction in form of a biquadratic exchange was shown to appear in a frustrated system with a chaotic modulation of the exchange network. In this case the effective Hamiltonian of the doped crystal should be corrected for additional terms. 
B. Quasi-Goldstone AFMR in a tilted field
Low-frequency resonances observed in DTN in a tilted field clearly originate from a zero frequency Goldstone mode, which should exist at the exact orientation of magnetic field along c-axis [15] . At a tilting of the magnetic field the axial symmetry is lost and the degeneracy of spin configurations with respect to rotation around the c-axis is lifted. This should result in a nonzero frequency of spin oscillations. Indeed, as may be seen in Fig. 5 , with increasing the deviation angle the resonance frequency increases. The frequency of this oscillations drops to zero at the boundary fields of the antiferromagnetic phase. This is natural since the order parameter also vanishes at these fields. In contrast to the earlier conclusion of Ref. [15] we now believe, that the low-frequency resonance branch D appears due to the tilting of the magnetic field and that is not an exchange branch of two interpenetrating antiferromagnetic systems. The frequency of the exchange mode in case of frustration is an intriguing and challenging problem. From a qualitative point of view the frequency of the exchange mode is probably much lower, since the corresponding exchange integral J ′′ is rather weak. Its value 0.08 K corresponds to 1.6 GHz. Moreover, this interaction is frustrated, as the molecular fields of the corner-site spins cancel each other at the center-cell cite. The expected exchange branch should have a frequency far below 1.6 GHz, which is out of our frequency range and may be masked by weak interactions. The nature of the observed dynamic diamagnetism of the ordered phase of DTN is not clear at the present moment. A simple example of dynamic diamagnetism is given by a conventional ESR in a paramagnet, where a negative χ ′ exists in a narrow range above the ESR frequency, see, e.g. Ref. [25] . This kind of diamagnetism should exist only near the resonance frequency and disappear below the frequency of ESR. In our experiments we observe a strong diamagnetic response in a wide frequency range. This range has a sharp lower boundary at the frequency of mode D. In the upper direction it spreads at least to the frequency of about 100 GHz. The frequency-field range of the nonresonant dynamic susceptibility is schematically shown in Fig. 11 . To explain the observation of the intensive dynamic diamagnetic susceptibility in a wide frequency range, we propose this is due to a coupling of microwave field to magnon pairs. Two kinds of this coupling were suggested, see, e.g., Refs. [21, 26] . For the coupling of the first type the power of the microwave pumping of the frequency f is absorbed by pairs of magnons with a half frequency f /2 and opposite wavevectors k. This coupling results in the parametric excitation of magnons when the microwave field exceeds a threshold value. The parametric excitation is also known as Suhl's instability of the first kind. The parametric resonance condition f = f (k) + f (−k) = 2f (k) is necessary for this coupling. Above the threshold the magnon number rises exponentially in time and finally it is limited by an additional nonlinearity at a more high level. Below the threshold, in a stationary regime, thermally activated pairs of magnons absorb the power from the pumping which results in the subthreshold absorption. This effect corresponds to a microwave susceptibility in a wide range between the doubled minimum and doubled maximum frequencies of the magnon branch. The theory of subthreshold absorption was suggested in Ref. [27] , experimental observations are reported in, e.g., Ref. [28] [29] [30] .
Another coupling of a microwave magnetic field and pairs of magnons is the reason for Suhl's instability of the second kind. It results in the saturation of ferromagnetic resonance. Two quanta of microwave pumping are converted into two magnons with opposite wave vectors k and −k corresponding to a resonance condition 2f = 2f (k). This coupling [26] originates from a nonlinear interaction of the uniform spin precession excited by microwave field with the spin wave modes with wavevectors k, −k. The frequency range for the microwave absorption due to this mechanism is strictly between the bottom and the top of spin-wave branch. The subthreshold absorption due to coupling of Suhl's second kind is, in principle, possible, but not confirmed in experiments.
For DTN we may suppose the upper AFMR branch C as a source of the uniform spin oscillations, which are excited at a lower wing of its resonance curve (it has a linewidth of about 15 GHz). Then, pairs of magnons of D-branch may be excited by the coupling of the second kind. The magnons of D-branch have a dispersion range which may be estimated as 2J c S(S + 1) ≃ 110 GHz. This estimate is in correspondence with the observed [6] dispersion range 0.4 meV = 97 GHz of the lower magnon branch in a magnetic field of 60 kOe. The range of twomagnon absorption with the coupling of second kind corresponds well with the range of the nonresonant susceptibility observed in DTN. We identify the lower frequency limit exactly on the AFMR frequency of D-mode and see that the whole range propagates above 100 GHz. At a frequency below the uniform precession of the mode D this coupling should be terminated, as we observe in the experiment with the tilted field, when the dynamic diamagnetism drops at a field of D-type resonance.
The subthreshold absorption observed in Refs. [28] [29] [30] was recorded as imaginary part of the dynamic susceptibility. The peculiar features of wide-range dynamic susceptibility of DTN are that the coupling is of the Suhl's second kind, diamagnetic susceptibility χ ′ dominates over the imaginary part χ ′′ , and the low-frequency cut-off of the effect corresponds to the resonance frequency of the uniform mode and not to the doubled frequency of this mode. The imaginary part of dynamic susceptibility should be inevitably accompanied by the real part according to Kramers-Kronig relations. This justifies the real part of the dynamic susceptibility. The dynamic susceptibility for the parametric excitation (Suhl's instability of the first kind) of spin waves in an antiferromagnet, was also found to have a significant diamagnetic real part [31] .
It is worth to note that the diamagnetic susceptibility and the frequency of the quasi-Goldstone mode in a tilted field have practically coinciding field dependencies. Both χ ′ and f D have zero values at the boundaries of the antiferromagnetic phase and demonstrate a maximum in a form of an apex of a triangle. The order parameter also is zero at the critical fields H c1,2 . However, it has a wide maximum in the middle of the range. The comparison of the field-dependencies of these three parameters is shown in Fig. 12 .
Summarizing the discussion of the dynamic diamagnetism of DTN, we conclude, that we have only a quite hypothetical explanation for this effect. We explain a wide-range dynamic susceptibility via the coupling between the microwave pumping and pairs of magnons. This coupling is probably of the same type as for the Suhl's instability of the second type. In principle, other mechanisms of transformation of the uniform spin oscillation mode to spin waves, e.g. by elastic scattering by defects might also result in a wide range of dynamic response with observed boundaries.
D. Unsolved problems
We notice the following questions which are not yet discussed in theory, that would be of importance for un-derstanding of peculiar properties of DTN. First, this is the theory of the spin dynamics and AFMR of the quantum magnet beyond the critical field of the fieldinduced ordering, including the field range where the order parameter is weak. The second unsolved problem is the theory of spin oscillations of an antiferromagnet with a body centered lattice with two interpenetrating antiferromagnetic subsystems, the exchange interaction of which is frustrated in a molecular field approximation. It should, probably, contain a consideration of order-bydisorder mechanism for derivation of the ground state. The third question is the physical nature of a continuum of spin modes providing a wide range of dynamic diamagnetism.
VI. CONCLUSIONS
We have observed experimentally the following new features of the spin dynamics of chain S = 1 anisotropic antiferromagnet NiCl 2 -4SC(NH 2 ) 2 .
1. The spectrum of antiferromagnetic resonance consists of two branches, one of them is gapped and has the minimum frequency of 78 GHz in the low-temperature limit and the other is zero-frequency Goldstone mode.
2. The Goldstone mode acquires a gap at a small tilting of the field with respect to the four-fold axis of the crystal.
3. At a nonmagnetic doping, replacing 21 % of Clions by Br-ions, the gap of the upper AFMR branch is reduced.
4. There is a wide range of the strong dynamic diamagnetic response at the frequencies above the quasi-Goldstone mode. This dynamic diamagnetism is proposed to appear due to a wide-range coupling of twomagnon states of a quasi-Goldstone mode D to microwave magnetic field.
